-7 



THIS DOCUMENT AND EACH ANDfVERY 
PAOE HEREIN SS HEREBY^RECUSSIWED 

MPER UTT^ATEDi^j£^ ■ ' 

^'^'^-^^'lAflOmi* ADVISORY COMMIfM FOB Afi0$AI?TX0f 



: ::^ ?: >3;. : : 



Source of Acquisition 
CAS1 Acuuired 




Special (Report No*/*/ 



»i » i< injn« ii ji(Hlw i ji; i H i 



pmiKIWSI $8 $3*5 OF A f IIS-DUCT COOLII& »§§M 

tfGR RADIAL BKOTES 
By David Bier aaan aad S, Fl^yd Talent is$ 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



PRELIMINARY MODEL TESTS OF A WING-DUCT COOLING SYSTEM 

FOR RADIAL ENGINES 
By David Bierraann and E. Floyd Valentine 



SUuHARY 



Wind-tunnel tests were conducted on a model wing- 
nacelle combination to determine the practicability of 
cooling radial engines "by forcing the cooling air into 
wing-duct entrances located in the propeller slipstream, 
passing the air through the engine baffles from rear to 
front, and ejecting the air through an annular slot near 
the front of the nacelle. The tests, which were of a 
preliminary nature, wore made on a 5-foot-chord wing and 
a 20-inch-diameter nacelle. A 3-blade, 4-f oot-diameter 
propeller was used. 

The tests indicated that this method of cooling and 
cowling radial engines is entirely practicable providing 
the wing of the prospective airplane is sufficiently thick 
to accommodate efficient entrance ducts. The drag of the 
cowlings tested was definitely less than for the conven- 
tional N.A.C.A, cowling, and the pressure available at low 
air speed corresponding to operation on the ground and at 
low flying speeds was apparently sufficient for cooling 
most present-day radial engines. 



INTRODUCTION 



The radial engine was developed from considerations 
of weight, simplicity, and cooling; but the large frontal 
area has always been a disadvantage. The N.A.C.A. cowling 
reduced this objection to a negligible amount for many 
years, but with ever-Increasing speeds attention is again 
focused upon the drag of the engine nacelle. Also, the 
power output of engines has been increased many times 
while the projected area has remained substantially con- 
stant, which has increased the problem of cooling, partic- 
ularly on the ground and at low air speeds. 
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Attention has been drawn recently to the effect of 
cowlings upon the engine power developed. For many years 
engineers have suspected that engine-propeller combina- 
tions installed in airplanes did not produce the thrust 
power that was produced when the engines and propellers 
were tested separately. on the stands and in the wind tun- 
nels. Until torque meters were installed on engines for 
flight measurements, the power loss was . generally charged 
to the propellers; but MacClain and Buck in reference 1 
show that the engine does not produce the same power when 
installed on an airplane that it does on the test stand, 
due presumably to different temperatures of the various 
engine parts. With the conventional 5F.A.C.A. cowling the 
accessory compartment, which houses the carburetor, super- 
charger, and manifolds, is filled with relatively hot air; 
so it would not be surprising if power were lost from this 
source. s ■ 

The present cooling-cowling system is intended to be 
an improvement on the U.A.C.A. cowling from the stand- 
points of drag, cooling at low air speeds, and better, 
cooling of the engine accessories. The drag of the JT.A. C.A. 
cowling can be reduced materially if the bluntness of the 
nose is eliminated. Cooling at low air speeds can bo im- 
proved if the propeller slipstream is utilized to a better 
advantage; the cooling air should be taken in at the point 
of highest pressure^ The engine accessories can be kept 
cool if the air is passed over them before entering the 
engine cylinder baffle passages. These requirements de- 
fine the wing-duct cooling system described. 

The purpose of the present investigation is to deter- 
mine the practicability of the wing-duct cooling system, 
but not necessarily to formulate a basis for all design 
requirement s. 



APPASATUS AND METHODS 

The tests were conducted in the 3J. A. C. A. 20-foot pro- 
peller-research tunnel described in reference 2, In view 
of the preliminary nature of the tests, no new basic appa- 
ratus was constructed except the cowlings and entrance 
ducts. The wing used is a relic of previous wing-nacelle 
tests and not well suited owing to the high camber, A 
photograph of the set-up is shown in figure 1 and a draw- 
ing is given in figure 2. 
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Wing . - The wing, described in reference 3, is of wood 
construction having a span of 15 feet and a chord of 5 
feet. The maximum thickness is 1 foot or 20 percent of 
the chord. The section is a Fokker design with a flat 
lower surface. The camber is therefore 10 percent, based 
on the lower surface chord line, or somewhat less if based 
on a chord line passing through the center of the leading- 
edge radius. The aerodynamic characteristics of this wing 
section differ considerably from sections now used, in 
that zero lift occurs at -8° angle of attack whereas it 
occurs at -1° or -2° for the low-cambered sections now in 
extensive use. The operating lift coefficient of this 
wing for cruising speeds should not be considered the same 
as for modern wings because of this marked difference in 
angle for zero lift. This wing should operate at a higher 
lift coefficient. 

The operating lift coefficient has an important bear- 
ing on this analysis because the drag due to the entrance 
ducts is sensitive to angle-change, particularly in the,- 
negative angle range. The ducts were located in a place 
to give the highest pressure (stagnation point) when the 
wing was at an angle of attack of 0°. The angle of 0° was 
•selected because it approximated the operating angle ffr 
present-day "wings, particularly for the. portions of the 
wing within the slipstream. 

Cowlings .- The cowlings were formed from Sheet alumi- 
numj An outline of- the basic cowlings, differing only in 
the shapes of the ;nose pieces and locations of the exit 
slots, is shown in figures -2 and 3. Cowling 39 is intend- 
ed to have a spinner nose attached to the propeller hub, 
but a spinner was not made because one was not considered 
essential for the present tests. 

The exit slot width was varied from 0 to 1-1/2 inches 
by moving the nosepieces in a fore-and-aft direction. 
The slot width was measured across the minimum distance, 
rather than the fore-and-aft distance. In. general, the 
basic cowling lines formed a nearly continuous curve 
across the exit slot except for cowlings 3B , 3D, and 3C, 
which were of the overlapping type. Cowling flaps, as a 
means of opening the exit slot, were not tested. 

Entrance ducts .- The basic shapes of the wing-duct 
entrances are shown in figure 4,, Three basic shapes were 
tested, all having an area at the mouth of 25 square 
inches for each entrance; a square one extending slightly 



in front of the wing, an elliptical one of the extended 
type, and a square one flush with the wing surface. ■ The 
square extended' one was modified by rounding the top sur- 
face with plasticine. The extended elliptical one was 
modified by _ moving it back 1 inch. The modifications to 
the square flush entrance are shown. in figure 5, consist- 
ing essentially of increasing the lip radii of the upper 
and lower surfaces. 

Two wing ducts were used, one on either side of the 
nacelle located at about 0.71 of the propeller tip radius. 
Subsequent tests on a full-scale propeller set-up indicat- 
ed that higher pressures in the entrance could have been 
realized for ground cooling had the openings been closer 
to the nacelle. 

The size of the ducts was arbitrarily determined from 
considerations of the dimensions of the wing and nacelle. 
The question of size, from the standpoints of the drag and 
the internal losses, is a subject needing amplification, 

The internal- duct passages are 5 inches square in 
cross section at. the mouths and are rectangles, S inches 
high and 7 Inches wide, at the exits into the nacelle. 
Bach passage makes one 90° turn. Four equally spaced 
guide vanes were provided in each turn to conduct the air 
around the corner without excessive losses. Other than 
the expanding ■ duct s and the guide vanes provided, no at- 
tempt was made to reduce the internal-duct losses. The 
air passed from the ducts into each side of the large- 
space provided by the nacelle, and there was no attempt 
to convert the kinetic energy in the . streams into pres- 
sure energy at those points. 

The reason no great pains were taken in the design of 
int ernal- duct shape was because that phase of the subject 
is better handled on a simplified set-up using a blower to 
force air through the passages rather than the wind tunnel. 
This part of the program- is being continued and the re- 
sults will be 1 available- soon. 

In the present paper the restrictions imposed by the 
entrance, duct s and the engine .re si stance are considered 
as one value, the total internal restriction (except for 
the exit slots). To use the data, the engine-baffle re- 
striction must be separated from the entranco-duct restric- 
tion, as will be brought out later. 



Equivalent baffle r estr let i ons . - Engines- of differ- 
ent power output require different quantities of cooling 
air for a given air temperature rise. In order to cover 
a wide range of engine sizes, removable orifice plates 
were provided. The plates were located at the points in 
the cooling-air circuit whore the air passed from- the 
ducts into the nacelle. These orifice plates simulated 
the resistances of engines ranging from about 300 horse- 
power to about 1 , 500 .horsepower , A few tests were made 
with an orifice plate located in the usual place for a 
radial engine. 

The quantity of air flowing was determined from cal- 
ibrations involving the pressure drops across the orifice 
■plates. . The orifice plates were calibrated by drawing 
air through the system and also through a calibrated ven- 
turi tube by means of a blower. 

Motor and propeller .- The propeller was driven by a 
25-hor sepower electric motor turning at various speeds up 
to 3,600 r.p.m. The propeller used for most of the tests 
is a 4- foot model of the 5101 three-blade propeller. A 
few tests were made with a 4-foot model of the 4412 two- 
blade propeller. The throe-blade propeller was set at 20° 
blade angle at the 0.75 radius for nearly all of the tests 
because this angle nearly represents that for the take-off 
and climbing conditions of many .present-day airplanes. 
The effect of blade angle was determined for one cowling 
by operating the propeller at angles ranging from 15° to 



35°. 



SYMBOLS 



quantity of cooling air, cu. ft. per sec. 



A 



e ' 



equivalent engine orifice area (orifice coefficient 
= 1.0) , sq. ft. ' 



A 



Equivalent entrance duct orifice area, 



sq. 



ft. 



A 



c ' 



projected area of the engine, sq. ft. 
conductivity of engine, A e /A c , 5 



K 



e > 




K d , conductivi ty -of entrance duct , &^/k c , 



2Apd 

A, 



•c / p 

Z t , total conductivity of entrance duct and engine, 



Q 1 _ 1 + 1 



Kt 3 Ke 8 K d 2 



v p 

Ap e , pressure drop across engine orifice, lb. .per sq. ft. 

Ap d , pressure drop across entrance duct, lb. per sq. ft. 

Apj., pressure drop across the entrance duct and the en- 
. gine baffles. 

A D a , drag added due to slowing down' the cooling air, lb. 

aj) *JE*S 

a y 

AC_q , drag coefficient for cooling air drag, 

EL 



&c D = — = ( 

^ l nir 3 A V q 



3 /a K 



/ AP e \ 

T] , efficiency of the cooling system, ( - — ) 



e 



ADj_ , interference drag due to air entering and leaving 
the cowling. 

AD t , total drag added due to the cooling air, AD a + AD._ 

AD, 

AC-q = — 

D t qA c 

D v , total nacelle drag including total cooling-air 
drag (A-Oj;) and the drag of the square en- 
trance ducts (faired). 



7 



D P 

G-q , total nacelle drag coefficient, = 



P <l A c 
p, mass density of the air, slugs per cu. ft. 
V, velocity of the airplane. 

£ , pressure coefficient with propeller operating, 
A p 4 



S - 



pn a D 2 

n, rotational speed of the propeller, rev. per sec, 

D, propeller diameter, ft. 

C , drag coefficient of the wing with the nacelle. 

C T , lif t , coefficient of the wing with the nacelle. 

^ (*+*). 

p e , pressure in the mouth of the entrance ducts, lb, 
per sq. ft. 

RESULTS AND DISCUSSION 



The success or failure of any radial-engine cowling 
lies chiefly in the drag that it adds to the minimum air- 
plane drag and the effectiveness with which the engine is 
cooled under all operating conditions. The cooling prob- 
lem is generally confined to the low-air- speed and high- 
altitude conditions of flight because there is usually lit- 
tle difficulty in cooling engines at cruising speeds. 

Cooling an engine is essentially a' problem of forcing 
air through the baffle passages. If the quantity of air 
necessary to cool an engine is known and also the pressure 
necessary to force that quantity through the baffles, the 
problem may be resolved into one of simple fluid mechanics. 
The engine-baffle passage may be considered as an orifice 
placed in a tube of diameter equal to the engine diameter. 
The quantity of air flowing through the equivalent engine 
orifice, which is assumed to have a coefficient of unity, 
is 
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A e /A c is then defined as the engine "conductivity," 
K e . Theodorsen in reference 4 develops this formula in a 
somewhat different manner. 

In the wing-duct system there are two other restric- 
tions in the flow passage, the entrance ducts and the exit 
slot. Although each may be considered as an orifice, it 
was found that only the entrance duct could conveniently 
tie treated as such. The exit can better be treated as a 
slot of certain actual dimensions, rather than a ficti- 
tious area. The effective conductivity of the engine baf- 
fles and the entrance ducts, which are in series in the 
flow passage, is given by the relation 




■ The problem of testing and presenting the data for 
the various modifications of each cowling is greatly sim- 
plified by using K t instead of Z e and separately. 
The data arc likewise more useful in this form. The tun- 
nel tests were made with a wide range of K t values. 

The drag of a . cowling may be divided into three 
parts: (a) basic. form drag of the nacelle or body, (b) 
drag due to slowing down the mass of air which enters the 
cowling to cool the engine, and (c) drag due to the dis- 
turbance of the flow over the cowling and wing as a result 
of the cooling air entering and. leaving the' system, The 
basic form drag is measured by closing the exit slot, 
which reduces the cooling-air flow to zero. The drag add- 
ed by slowing down the cooling air cannot be measured di- 
rectly, but can be calculated from the expression 

a .' v 

if it is assumed that the loss of energy in the flow 
through the- exit slot is zero. 



In coefficient form, 
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Since 





£APt 
P 



then 



AC 




t 



I.n computing the efficiency of the system, that is, 

the useful power for cooling divided "by the power oxpended, 

only ! the energy lost through the engine baffles should be 
considered. 



The efficiency is not' stressed in this paper because 
the pressure drop across the engine is not separated from 
the total pressure drop across the engine and entrance 
ducts, and also because there is some question as to what 
should be the basis of computing the drag increment. There 
seems to be no justification for using the no-flow drag of 
each cowling as a basis because then the poorest cowlings 
from the drag standpoint may have the highest efficiency, 
an obviously misleading condition. Stress is placed rather 
on the toal drag for given pressures available, which 
accomplishes the same purpose as the efficiency method. 

The pressure available across the engine baffles and 
entrance ducts wi th propeller running is given in. coeffi- 
cient form, 
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This coefficient is the criterion of cooling effec- 
tiveness 'because the propeller produces most of the pres- 
sure available at the low air speods. 

In the study of the shape of the duct entrances the 
criterion of the "best entrance from the drag viewpoint is 
the drag for a given lift of the wing. The criterion for 
the effectiveness of the entrance in scooping in air is 
the pressure available in the mouth of the entrance, P 

and P e /pn s D s . (The latter form is preferred for low val- 
ues of V/nD, propeller operating.) 



Cowling Hose Results 

Figures 6 to 22 give the test results for the various 
cowling nose shapes tested. The results are given in two 
types of curves. The criterion of efficiency is given in 
the form of Ap^/q plotted against C-q for different 

values of conductivity, K t , and different exit slot open- 
ings. (The exit-slot width was always measured as the min- 
imum distance across the exit slot, in inches.- It should 
"be borne in mind that these distances should "be scaled in 
proportion to the cowling diameter for full-scale work. 
Slot width for full-scale equals the 

diameter of the full-scale cowling in inches 

, 2 times the 

20 

.slot widths given in this paper.)' The - cr i t er i on for pres- 
sure available is given in the form of EL plotted against 
V/nD. . - 

D rag comparison .- In figures 23 to 25, comparisons 
are made of the various cowlings from the drag standpoint 
for three flow quantities, or values of IC-t . The most in- 
teresting portion of the- curves from the drag standpoint 
is that for low values- of Ap t /q, 0.2 to 0.5, because 
these values correspond to the 'cruising or hish-speed 
flight conditions. The highest values of Ap^/q obtain- 
able correspond to the take-off and climb and are of some 
interest from the cooling standpoint, although the results 
with propeller operating are more applicable. 

Cowling 39 has the lowest drag for the high-speed 
range of the curves with cowling 3 or 3B taking second 
place. Cowling 3B, which has an overlapping exit slot, 
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shows up well for high values of Ap t /q, even in the high- 
speed range. • Small amounts of overlap of the exit seem 
desirable for large conductivities. 

Cowlings 3C and 3D have an excessive amount of over- 
lap, as may be seen from figure 24. Cutting off parts of 
cowlings 3B and 3C, thereby locating the exit slot on the 
curved portions of the noses, had a detrimental effect. 

The effect of the blunt nose of cowling 1 is apparent 
since it has a high drag in the high-speed range. The 
maximum pressure available is less than for other forms, 
indicating the rear location of the exit slot is not con- 
ducive to high pressures. Cowling 5 is poor from both the 
drag and pressure standpoints. 

The one test of an U.A.C.A. cowling with the exit 
slot closed indicates that it is inferior to the other 
cowlings tested, even though the wing-duct results include 
the drag of the square extended entrances (faired) . The 
accuracy of the tests, however, was not such as to make 
extremely fine comparisons because the cowlings constitut- 
ed only about 5 percent of the total drag of the set-up. 
One-half percent error in the total drag would mean 10- 
percent error in the cowling drag. 

Following is a table giving the efficiencies, to-., 
gether with the values used in the computations, for cowl- 
ing 39. The computations cover three values of K% , all 
taken at a value of ^p t /q of 0.8. The duct conductivity, 
, is the one existing during the tunnel tests, although 
this value need not apply to an airplane installation. 
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0.0469 


0.0778 


0.1178 




. 1775 


. 1775 


.1775 




.0487 


.08 6.7 


.157 


APt/q 


.8 


.8 


.8 




■ .744 


.647 


.448 




.040- ' 


.070 


.108 




.78 


. 65 


.44 



It may "be noted that the efficiency decreases as the 
quantity of air is increased, due primarily to the in- 
creased losses in the entrance ducts.. For example, nearly 
half of the pressure available is lost in the entrance 
duct for the highest engine conductivity, K e , while only 
a few percent are lost for the lowest. 

If perfect entran.ee ducts were possible, a condition 
which can be approached for large sizes or ideal expanding 
conditions, the above table could be modified as follows: 



K t 


i ; " ; 

'6.0469 


0.0778 


0. 1178 


K d 


CO 


CO 


co 


K e 


. 0469 


.0778 


.1178 


Ap t /q 


.8 


.8 


.8 


APe/a 


.8 


.8 


.8 


An 
\ 


.040 


,070 


.108 


T a 


.84 

i 


.79 


.78 
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These tables draw attention to the importance of ef- 
ficient entrance ducts for high flow conditions. This 
subject will he discussed more fully later. 

' Cooling compari sons .- A comparison of the cowlings' 
from; the cooling standpoint is given in figures 28 to 28 
for the condition of zero air speed. 

The results indicate that for ground cooling, wide 
overlapping exit' slots located on or near the maximum 
leading-edge ■ curvature produce the greatest pressure. The 
exit slot for cowling 5 is evidently too close to the pro- 
peller axis (positive-pressure region) to produce a rea- 
sonably high pressure drop. 

Cowling 39 was not tested with the propeller operat- 
ing owing to the fact that the nose p\art would have had 
to be a spinner and. this would have entailed a certain de- 
lay for the manufacture.. It is believed that the ' cooling • 
characteristics can be approximated fairly closely, however, 
from the other tests of cowlings having similar .exit slot 
openings. For example, the cooling characteristics for 
cowling 39 should approximate those for cowlings 1 and 3, 
or cowling 3B if a small overlap were provided. 

The pressure available. in the take-off and climb is 
always greater than that for the ground condition, depend- 
ing, of course, on the air - speed or V/nD. Ho comparisons 
are made for these conditions because the ground-cooling 
criteria are probably indicative of the r ela^ ive "mer i t s 
of the cowlings for the take-off and climb also. 

Ef f ect, of -propeller-rblade sotting and angle of attack 
o f the wing .- Most of the propeller tests were made at a 
blade angle of 20° at 0.75 radius, because this represents 
the blade angle for the take-off condition of most present- 
day airplanes. In figure 29, the results from tests at 
other blade settings are given for one cowling. Increasing 
the blade angle increases the pressure available in a 
nearly uniform manner except for the zero V /nD . condition. 

Increasing the angle of attack of the wing from 0° to 
10° increases the pressure slightly at low values of Y/nD 
and more so at high values. T ' 

Entrance Ducts 



The design of efficient entrance ducts is probably 
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the most difficult part of the-, wing- duct cowling system. 
The three important elements .to. consider are: (a) the 
drag, (b) the pressure available in the entrance, and 
(c) the loss in head through duct. The location, size, 
and shape of the mouth aff-e.ct the first two, while the 
size, and shape of the interior duct affect the third. 

The study of entrance ducts herein reported is by no 
means complete. Only one size and location of the en- 
trance were investigated, although several basic shapes 
of the mouths were tested. The wing on which these tests 
were made is poorly suited for making a comprehensive 
study of entrance shapes owing to the extremely high cam- 
ber. The present results, which are of a preliminary, na- 
ture only, should be considered as qualitative until a 
more complete study can be made using a modern wing sec- 
tion. , . . 

L ocation .- The wing-duct entrances should be " locat ed 
along the span in guch a position as to receive the 
greatest benefit from the propeller slipstream, especially 
in the take-off and climbing conditions. The pressure • 
distribution in the slipstream of a propeller depends upon 
many factors, such as: blade angle, V/nD, distance be- 
hind the propeller disk, the pitch distribution, and the 
plan form. No study of the .problem is made here except 
to point out that the slipstream necks down considerably 
behind the propeller ' for high disk loadings , such as are 
present during the take-off. figure 30 shows the radial 
pressure distribution at 0.5 the diameter behind the pro- 
peller for the static condition. The maximum pressure 
occurred at 0.55 of the propeller radius for this condi- 
tion, and decreased rapidly "beyond the 0,6 radius. The 
peak's of these/ curves will broaden rapidly wi-th increased 
air speed. 

The vertical location of the entrances was determined 
for these tests from pressur.e-di st^ib^^tion measurements 
made with propeller operating. The region of maximum pres- 
sure dictated the location of the entrances although the 
one selected might not be the best from the drag stand- 
point . 

Drag of entrances .- Polar curves for' the entire set- 
up are given in figures 31 to '34 comparing the various 
entrance shapes. The entrances were located on the wing 
for high-speed operation at an angle of attack of about 
0°, irrespective of what the lift coefficient might be 
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for this particular high-cambered wing. In this way, the 
disturbances created hy the entrances would approximate 
those for a lower- cambered wing actually operating at 
about 0°, The comparisons should be confined, therefore, 
to the angle-of-attack range above 0°. 

Referring to figures 31 and 32, it may be seen that 

all the entrances have a slight drag at 0° angle of attack, 

but there i s no measurable drag at about 3°. The extended 

entrances both improve the Ct . Thero seems to be lit- 

■^max 

tie choice in the different entrance shapes in the angle 
range from 0° to 5°. 

Figure 33 indicates that fairing the tops of the 
square, extended ducts reduced the drag in the climbing 
range, but the effect was negligible at about 1°. 

Modifying the flush square ducts by increasing the 
radii at the top and bottom of the entrances reduced the 
• drag to a negligible amount, particularly in the negative- 
angle range. (See fig. 34.) The thin lowor lip of the 
entrance accounts for the separation at the negative an- 
gles. The duct cro ss- sectional area was decreased by 
this process, however,- 

From these tests it appears that if tho wing is thick 
in proportion to the entrance openings, flush ducts with 
well-rounded entrance lips will have no appreciable drag. 
If the wing is thin in proportion to the size of the en- 
trance openings, extended scoops will probably be prefer- 
able because it is possible to incorporate well-rounded 
leading edges in the extended types, whereas this is not 
possible in the flush types without reducing the duct 
area. It is imperative that separation at the upper and 
lower lips be avoided even though the cr o s s- sectional area 
of the ducts be decreased by so doing. Further work on 
this subject of entrance ducts is contemplated. 

Pressure available in the entrance mouth . - It is 
obviously important that the entrance ducts bo so shaped 
and located in such places that the maximum pressure can 
be obtained, particularly with the propeller running. 
From figures 3.5 and 36, it appears that the extended en- 
trances provide the highest pressures within the angle 
range between -5° and 10° without the propeller operating. 
The flush entrances are equal only in. the range of a few 
degrees near 0° angle of attack. 
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It may be surprising that pressures exceeding q are 
recorded. This can be accounted for by the fact tfchat the 
static pressure in the tunnel jet at the model entrance 
ducts is higher than the average static pressure in the 
test chamber. The total head in the mouth of the entrance 
ducts referred to the average static pressure is therefore 
slightly in error by the amount. noted (2 or 3 percent). 

Referring to figure 37, it can be seen that modifying 
the flush entrances made the pressure more sensitive to. 
angle-of-attack changes. 

In figure 38 the basic ducts are compared with pro- 
peller operating. In the low If/nD range, corresponding 
to the take-off and climb, the square extended ducts are 
generally superior and the flush ducts are equally good 
over parts of the range. In general,' there probably is 
not enough difference in all the ducts to warrant select- 
ing one over the other on the basis of pressures available 
alone. The drag i's of much more importance. 

Internal prope r ties of ducts .- The passagos extending 
from the mouths of the entrance ducts to the engine com- 
partment should convey the air with as little loss in 
energy as possible. There are two sources of energy loss: 

(a) friction or turbulence within the wing ducts, and 

(b) loss of kinetic energy in the stream at the point of 
"dumping" the air into the engine accessory Compartment, 
It can be. seen from Bernou-lli 1 s equation, ^total = 

^static + \ P^duct 8 ' that both losses can be minimized 

if the velocity in the ducts is kept to a small figure, 
or if the air is expanded efficiently upon entering the 
accessory compartment. Some interesting results taken 
from reference 5 on the efficiency of diff user s . are given 
in figure 39. The entrance-duct conductivity, K^.; is a 
measure of the over-all efficiency of the ducts. If the 
losses are zero, the conductivity is infinite. 

]? igure • 40 - shows the. loss in total head across the 
entrance ducts for the test conditions and for improved 
duct s . , " ,, . 

Curves showing the relationship between axi & &e 

are given in figure 41 for two values of K d . The ■ tun- 
nel test results can readily be translated into values of 
K e and Ap e for the two entrance-duct conductivities, 

K d = 0,1775 and K d = 0,25. 
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If the duct-pressure losses are to be kept to a cer- 
tain fraction of the , total pressure available, the en- 
trance conductivity must bear a certain relation to the- 
total conductivity or engine conductivity. Following is 
a table of relative conductivities for various pressure 
ratios. 



AP e /Ap t 






1.0 


oo 


CO 


.9 


3.16 


2.98 


.8 


2.24 


2.00 


. 7 


1.83 


1.53 


.6 


1.58 


1.2.2 


.5 


1.41 


1.00 



In equation form, 



K d _ 1 



and 




From the above values or .equations the sizes of the 
entrance ducts can easily be computed knowing.; K e , . Ap e , 

Ap t , and K^. The value of % must be gotten from 

tests of ducts of given sizes. For' example, if the pres- 
sure across the engine, Ap e , must be. at least 0,8 the, 
total pressure available, Ap t , the -entrance-duct con- 
ductivity must- be at least 2.0 times' the engine conductiv- 
ity. • If the relationship between the entrance size and 
its conductivity is known (from test results), the actual 
size can be determined directly. 



18 



The wing ducts for the test set-up were square in 
cross section and made one 90° turn. The. area of each 
duct increased somewhat during the turn. No attempt was 
made to extend the duct into the nacelle proper. Guide 
vanes in the 90° turn increased the conductivity from 
about 0.12 to 0.1775. Other than this single test, with 
guide vanes, no attempt was made to increase the conduc- 
tivity of the wing ducts while the set-up was in the 
tunnel. Research is being continued, however, with a 
simplified set-tip using a "blower to draw air through var- 
ious types of d\i.cts. The results of this work will he 
givon when completed. 

Use of Data 

It should he recognized that the present tests are 
of a preliminary nature and are lacking, therefore, in 
completeness and refinement. ' The results are not without 
considerable value, however, and should prove to he of 
aid in developing or designing cowlings of this type. 
The following procedure is suggested. 

Selecting entrance ducts .- The conductivity of the 
entrance ducts must be first established. The shape and 
size will depend upon the airplane in question. The 
larger the ducts the less will be the internal losses and 
the greater will be the pressure available across the en- 
gine. Unless the wing is very thick, largo entrances may 
prove too expensive from the drag standpoint. The pres- 
ent ducts are 5 inches in height and the maximum wing 
thickness is 12 inches. The height probably should not 
exceed 0.5 the wing thickness, but the width could be 
greater. The entrance duct conductivity should be at 
least twice that of the engine. If little expansion in 
the ducts is possible, from the' entrance to the engine 
compartment, the area of each entrance should then be 
about equal to the equivalent engine orifice area. The 
duct losses constitute then only 20 percent of the inter- 
nal energy or pressure. 

The success or . failure of this type of cowling de- 
pends upon 'the wing ducts. Unless the wing is suffi- 
cient ly ■ thi ck to accommodate the required ducts, or unless 
it is. possible to expand the' air efficiently, this type 
of cowling, may not- prove to be enough better than other 
types to warrant the extra cost and complications. 
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Selecting a cowling nose shape .- The shape of the 
nose will depend primarily upon whether or not a spinner 
is to he used. The width and shape of the exit slot will 
depend upon the cooling requirements for the various 
flight conditions. It is obviously necessary to control 
the slot width to obtain the best performance at all 
speeds. A fore-and-aft method of opening the slot was 
used in the tests because good results were obtained and 
the drag was undoubtedly less than it would have been had 
flaps been used. 

With the engine and entrance conductivit ies known, 
the drag resiilts may be referred to in order to select 
the best cowling for the conditions-, a-nd the. pressures 
for cooling can be obtained from the pressure-coef f iciont 
curves with propeller running. 

Chart for converting K p i nto pressure .- It can be 
seen from the equation 

pressure = K Pn 2 D 3 

Jr 

that the pressure is proportional to a constant times the 
propeller tip speed squared for standard atmosphere. As 
the tip speed is usually known, the pressure can be read 
from a chart directly in terms af water head. (See fig. 
42.) This type of chart is convenient for making rapid 
calculations in preliminary work. 

Example design .- Given 

Ap e = 6 inches H 3 0 

K e = 0.10 

Propeller tip speed for climb = 900 ft. /sec. 
Propeller tip speed for take-off = 950 ft. /sec. 
High. speed V/nD = 1,5 . 

Wing thickness sufficient to provide entrance ducts 
having = 0.25 

Ap 

Then . K + = 0.0927 and — - = 0.862. 

Ap t 
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To design a suitable .cowling; 



Cowling 39 is selected. .As. a propeller was not tested 
with this nose shape, the must be- estimated from tests 

of cowlings 1 and-- 3. 

■ ground coolin g.- From figures 8 and 12, K = 0.178 for 
1.5-inch exit opening. 

From figure 42, 

Ap = 7.5 inches H 2 0 

A Pq = 7.5 X 0.8 62 = 6.45' inches H g 0 

Take-off . - Assume take-off speed = 0.4 high speed. 



( J -) 



900 

= 1..5 X 0.4 X = 0.568 

take-off "' 950 ■ ... 



K = 0.28 

sr 

0.28 

Ap = x 6.45 = 10.15 inches H„0 

■ e 0.178 2 

Climb. . -, Assume climbing speed = 0.6 high speed 
V 



= 0.9 



nD (climb) 
K p = 0.44 

0* ^4 / 900 \ s 

Ar> = x 6.45 X ( — ) = 14.2 inches H P 0 

^ e 0.178 V950 J 2 

High speed .- The oxit slot- width would be reduced 
to obtain 6 inches H 3 0. 

In this example the ground cooling is considered 
sati sf actory ' and that for take-'off and climb more than 
satisfactory. If the ground cooling is not considered 
important, the entrance ducts could possibly be reduced 
in size if desired. The internal losses would increase, 
however. 
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CONCLUSIONS 



The results of these preliminary model tests show 

that : 

1. The wing-duct cowlings tested had appreciably 
less drag than a conventional N.A.C.A, cowling. 

2. The pressures available for engine cooling at 
low air speeds rangod from 4 to more than 10 inches of 
water, depending chiefly upon the propeller tip speed, 
V/nD, cowling shape, and the flow restrictions imposed 
by the engine baffle and wing-duct passages. 

3. The success of this type of cowling from either 
the cooling or drag standpoint depends upon whether the 
wing of the airplane in question is sufficiently thick to 
accommodate efficient ducts. 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, ?a. , January 7, 1939, 
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Figur e 


1.- 


Wing-duct cooling set-up. 




F i gur e 


2. - 


Outlines of wine— nacelle set-UD with, cowling 


39 . 


Figure 


3.- 


3asic cowling shapes. 




Figure 


4.- 


Basic entrance shapes. 




Fi gur e 


5.- 


Modifications to the square flush entrance. 




Figure 


6.- 


Pressure available against drag for cowling 
Square extended entrance, no propeller. 


1. 


Figure 


7.- 


Pressures available for cowling 1, 

3/4— inch exit qlot "DroDeller qet 20^ 




Figure 


8.- 


Pressures available for cowling 1. 
1-1— inch exit slot nroneller <?et. 

*"* J- u O J« W U j J. v £J w J. X ti J. Owl/ O V t 




Figure 


9.- 


Pressures available for cowling 1. 
K. = 0 0778 -Dro-oeller qet 20° 




Figure 


10. 


- Pressure available against drag for cowling 
Square extended entrance, no propeller. 


3. 


F i gur e 


11. 


- Pressures available for cowling 3. 

3/4-inch exit slot, propeller set 20°. 




Figure 


12. 


- Pressures available for cowling 3. 

' 1-1— inch exit slot, propeller set 20°, 




Figure 


13. 


- Pressure available against drag for cowling 
33 and 3B with inches cut off. Square 
extended entrance, no propeller. 




F i gur e 


14. 


- Pressures available for cowling 33, 

3/8-inch exit slot, propeller set 20°. 




F i gur e 


15. 


- Pressures available for cowling 33'. 

3/4-inch exit slot, propeller set 20°. 




Figure 


16. 


- Pressures available for cowling 33. 

l-l/4-inch exit slot, propeller set 20°. 




F i gur e 


17. 


- Pressures available for cowling 33 with 1^- 

inches cut off. K + =" 0.0778, propeller set 
20°. * 



23 



Figure 18.- Pressure available against drag for cowling 3C 

and 3C with 1-1/4 inches cut-off. Square 
cut-off. Square extended entrance, no pro- 
peller, 



K. = 0.0778. 



Figure 19.- 
Figure 20.- 

Figure 21.. 
Figure 22.- 



Pressures available for cowling 3C. 
K t = 0.0778, propeller set 20°. 

Pressure available against drag for cowling 5, 
Square extended entrance, no propeller, 
K t = 0.0778. 

Pressures available for cowling 5. 
K t = 0.0778, propeller set 20°. 

Pressure available against drag for cowling 39, 
Square extended entrance, no propeller. 
♦Increased drag due to cooling air, 



/AP t y/a 
"I J "t 



Figure 23.- Pressure available against drag for different 

cowlings. Square oxtended entrance, no pro- 
peller, Z t = 0.0469. 

Figure 24.- pressure available against drag for different 

cowlings. Square extended entrance, no pro- 
peller, K t = 0.0778. 



Figure 25.- Pressure available against drag for different 

cowlings. Square extended entrance, no pro- 
peller, K = 0.1178. 

* V 
Figure 26.- Pressure available at zero — *»- for different 

nD 

cowlings. Propeller set 20°, Z t = 0.0469. 

— for different 
nD 

cowlings. Propeller set 20°, K t = 0.0778. 



Figure 27.- Pressure available at zero 



Figure 28.- Pressure available at zero — for different 

nD 

cowlings. Propeller set 20°, K t = 0.1178. 

Figure 29.- Effect of various propeller blade-angle set- 
tings on Kpi Cowling 3, 3/4-inch exit slot, 

K t '= 0.0778. 
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figure 30.- Badial pressure distribution in the slipstream 

at 0.5 propeller diameter "behind the propel- 
ler disk. Three-blade propeller 5868-9 op- 

V 

erating at zero — . From full-scale tests 

nD 

with a liquid-cooled engine nacelle. 

Figure 31.- Comparison of various entrance shapes. 

Ho air flow, cowling 3, 1-inch exit slot. 

Figure 32.- Comparison of various entrance shapes. 

K t = 0.0778, cowling3, 1-inch exit slot. 

Figure 33.- Effect of fairing the top of the extended square 

duct. Ho. air flow, cowling 3, 1-inch exit 
slot. 

Figure 34.- Effect of modifying the square flush entrance. 

Ho air flow, cowling 3, 1-inch exit slot. 

Figure 35.- Pressure available within differently shaped en- 
trance ducts. Ho propeller, no , air flow, 
cowling 3, 1-inch exit slot. 

Figure 36,- Pressure available within differently shaped 

entrance ducts.. Ho propeller, K t = 0.0778, 
cowling 3, 1-inch exit slot. 

Figure 37,- Pressure available within various flush ontrance 

ducts. Ho propeller, no air flow, cowling 3, 
1-inch exit slot. 

Figure 38.- Pressure available within differently shaped en- 
trance ducts. Propeller operating, 2-blade 
4412 propeller set 13°, ll t = 0.0778. 

Figure 39.- Efficiency of diffusers (from reference 5), 

P 5 - P, 



A, area. r\ ~ 



Figure 40.- Pressure across the engine in terms of total 

pressure available for -different total con- 
ductivities. 

Figure 41.- Engine conductivities for different total and 

entrance conductivities. 

Figure 42.- Chart for converting pressure coefficient into 

pressure for different propeller tip speeds. 
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Figure 3. 




Figure 6. 
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Figs; 26,27,28,29 
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Figs. 30,35 
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Figure 30. 
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Figure 36. Figure 37. 



N.A.C.A. 



Figs. 38,39 
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Figure 38 
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Figure 39. 
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